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LOW ENERGY PROTON DdGg'E?FECTS I N  SILICON 
AND 
GALLIUM ATSENIDE SOLAR CELLS 
by D. M. Brown 
Goddard Space F l i g h t  Center ,  NASA 
Greenbel t  , Maryland - 
S i l i c o n  N/P cel ls  of v+c@ base r e s i s t i v i t i e s  and ga l l i um 
a r s e n i d e  P/N solar  cells  werb i h a d i a t e d  wi th  nominally 0.6, 1.8 
and 4.7 Mev pro tons .  
of va r ious  base  res i s t iv i t ies  and ga l l ium a r s e n i d e  c e l l s  were 
i r r a d i a t e d  wi th  4.7 Mev pro ton ,  measuring Isc  and V open as 
func t ;ons  of f l u x .  I n  t h e  second experiment ,  t h e  same types  of  
ce l l s  ::ere i r r a d i a t e d  wi th  0.6 MeV p ro tons ,  wi th  I - V  cu rves  and 
s p e c t r a l  responses  be ing  measur@.: 
similar set of ce l l s  w e r e  i r r a d i a t e d  wi th  1.8 Xev p ro tons ,  w i th  
I-V curve  and s p e c t r a l  response  be ing  measured. 
I n  t h e € i . r s t  experiment s i l i c o n  NIP cel ls  
I n  t h e  t h i r d  experiment ,  a 
I NTR ODUCTI ON 
This  paper  p r e s e n t s  some r e s u l t s  of p ro ton  i r r a d i a t i o n s  of  
s i l i c o n  N/P solar cells of va r ious  base  r e s i s t i v i t i e s  and ga l l i um 
\ ,arsenide PIN solar cells  w i t h  low energy p ro tons  of t h r e e  d i f f e r e n t  
' energ ies ,  t o  compare the damage effect  of t h e  d i f f e r e n t  t ypes  of 
icells. 
38 ohms c m  N/P s i l i c o n  ce l l s  t h a t  had been i r r a d i a t e d  w i t h  0.6 
Mev protons.  
An unusual a n e a l i n g  e f f e c t  w a s  found t o  happen f o r  10 and 
PROCEDURE 
The Kava1 RPsearch Laboratory 5-Mev Van de  Graaff a c c e l e r a t o r  
w a s  used f o r  t h e  source  of protons.  I n  t h i s  a c c e l e r a t o r ,  t h e  p ro tons  
t r a v e l  down a tmr lzon ta l  d r i f t  tube  which i s  apvroximately 25 f t .  
l ong  and has a 2 i nch  i n n e r  diarneter. Four  gold f o i l s ,  0.1 m i l  
t h i c k  f o r  t he  4.7 ?lev experiment,  w e r e  p laced  15  f t .  from t h e  
sample chamber. Nickel f o i l  0.975 m i l  t h i c k  w a s  used kn t h e  
1.8 Mev a d  9.6 Xev tes t s .  The f o i l  se rved  t o  reduce  t h e  i n t e n s i t y  
of t h e  beam and make i t  uniform. F i g u r e  1 shows t h e  exper imenta l  
a r  rangemen t . 
Proton  f l u x  w a s  measured with a guarded Faraday cup i n  t h e  
p o s i t i o n  of  t h e  specimen ho lde r ,  b e f o r e  and af ter  i r r a d i a t i o n s  a t  
t h e  t h r e e  d i f f e r e n t  ene rg ie s .  A t  t h i s  t i m e  t h e  r a t i o  of t h e  f l u x  
c o l l e c t e d  by t h e  cup and t h e  i n s u l a t e d  d r i f t  t ube  w a s  determined.  
During each i r r a d i a t i o n  t h e  f l u x  c o l l e c t e d  by t h e  i n s u l a t e d  d r i f t  
t ube  w a s  used as a measure of t h e  f l l i x  i n c i d e n t  on  t h e  specimens. 
C e l l s  were 1 c m  x 1 c m  i n  s i z e ,  having  been c u t  i n  h a l f  by a 
diamond s a w .  Cu t t ing  t h e  c e l l s  appeared t o  a l te r  t h e  c e l l s '  
c h a r a c t e r i s t i c s  1 i t  t 1 e. 
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The Xenon Arc i n t e n s i t y  was c a l i b r a t e d  wi th  a 1 2  j u n c t i o n  
thermopyle a t  t h e  p o s i t i o n  of t h e  specimen holder  be fo re  and a f t e r  
each i r r a d i a t i o n :  t h e  thermopyle was compared t o  a normal inc idence  
pyrhe l iometer ,  bGfore and a f t e r  the experiment wi th  t h e  Xenon A r c  
as t h e  source.  The s tandard  i n t e n s i t y  w a s  67 mw/cm2,  measured a t  
t h e  ce l l  p o s i t i o n .  A set of (11) Balzer’s i n t e r f e r e n c e  f i l t e r s  
were used t o  g i v e  monochromatic l i g h t  f o r  t h e  s p e c t r a l  response  
measurements. The s p e c t r a l  i n t e n s i t y  was measured w i t h  t h e  1 2  
j u n c t i o n  therrnopyle b e f o r e  and a f t e r  each spectral r e sponse  
measurement. 
RESULTS 
The fo l lowing  t a b l e  (Table 1) shows the c r i t i c a l  f l u x  8, of 
each of t h e  type  of cells used,  t h e i r  e f f i c i e n c y  under Xenon A r c  
and s u n l i g h t ,  and t h e i r  i n i t i a l  open c i r c u i t  vo l tage .  (Table  1) 
Table  2 i s  a l i s t i n g  of t h e  p a r t i c l e  p e n e t r a t i o n  dep ths  i n t o  
t h e  s o l a r  cel ls  t e s t e d .  
F i g u r e  2 compares the damage e f f e c t  of 4.7 ?:ev p ro tons  t o  a 
s h o r t  c i r c u i t  c u r r e n t  r a t i o s  of S i  N/P 1, 10 ,  and 38 ohm c m  ce i l s ,  
and G a A s  cells .  
t i v i t y  S i  cel ls  have a l a r g e r  critical f l u x  than tF5 1 ohm-cm 
ce l l s ,  bu t  a f t e r  an i n t e g r a t e d  f l u x  of 4 to  8 x 13 
become worse than  t h e  1 ohm-crn cells. 
It w i l l  be  noted t h a t  G a A s  and t h e  h ighe r  resis- 
p+cm-2, they  
F i g u r e  3 compares t h e  dep rec i a t ion  of t h e  open c i r c u i t  v o l t a g e  
f o r  the above c e l l s ,  under 4.7 Mev pro ton  bombardment. The S i  19 ohm- 
c m  cel ls  degraded t h e  f a s t e s t ;  next are  t h e  1 ohm-cm ce l l s ;  t h i r d  are 
G a A s  c e l l s .  Least damaged a r e  t h e  38 ohm-cm ce l l s .  
F i g u r e  4 compares t h e  s h o r t  c i r c u i t  c u r r e n t  d e p r e c i a t i o n  due t o  
1.8 Mev pro tons .  
wi th  t h e  4.7 Mev protons.  
The r a d i a t i o n  damage does no t  appear  as s e v e r e  as 
F i g u r e  5 compzres t h e  open c i r c u i t  v o l t a g e  d e p r e c i a t i o n  of S i  1, 
10, and 100 ohm-cm cells,  and GaAs c e l l s  due t o  t h e  1.8 Mev p ro ton  
f l u x .  The S i  10 ohm-crn cel ls  vo l t age  changed t h e  l a r g e s t  amount of 
a l l  t h e  c e l l s  w i t h  the 1.8 Mev protons,  as w a s  the case f o r  the 4.7 
MeV protons.  
12 
p * ~ r n - ~  f o r  s h o r t  c i r c u i t  c u r r e n t  f o r  t h e  G a A s  c e l l ,  some j u n c t i o n  
damage e f f e c t  seems t o  have taken  place a t  f l u x e s  g r e a t e r  t han  5x10 , 
due t o  t h e  s t e p - l i k e  drops  i n  the open c i r c u i t  v o l t a g e  r a t i o s  f o r  
t h e s e  ce l l s .  
Though t h e  apparent  c r i t i c a l  f l u x  f o r  1.8 Nev p ro tons  i s  5 .6~10  
10 
F ig;r shows a comparison of maxirnum power r a t i o s  f o r  1.8 M e V  
p ro tons  SL,. f o r  s i l i c o n  N/P 1, 10 and 100 ohm-cm cel ls .  The 
h 
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o r d e r  of c r i t i c a l  f l u x  f o r  t h e  maximum power r a t i o s  are t h e  s a m e  as 
i t  i s  f o r  t he  s h o r t  c i r c u i t  cu r ren t  r a t i o s ,  cons ide r ing  j u s t  t h e  
s i l i c o n  c e l l s .  (Viz,  t h e  1 ohm-cm c e l l  d e p r e c i a t e s  f a s t e s t ,  t h e  
10 ohn-crn c e l l  next ,  and least, the 100 ohm-cm cell) .  I n  making 
c a l c u l a t i o n s  of r a d i a t i o n  damage to a s o l a r  a r r a y  aboard a space-  
c r a f t  i n  t h e  r a d i a t i o n  b e l t s  one m u s t  cons ide r  t h e  d e p r e c i a t i o n  
of t h e  maximum power p o i n t  of t h e  c e l l  or t h e  c u r r e n t  supp l i ed  a t  
c o n s t a n t  vo l t age ,  no t  t h e  s h o r t  c i r c u i t  c u r r e n t ,  as had been 
earlier thought. 
F i g u r e  7 compares t h e  s h o r t  c i r c u i t  c u r r e n t  r a t i o s  of S i l i c o n  
N/P I, 10 and 38 ohm-cm cells and G a A s  c e l l s ,  under 0.6 Mev p ro ton  
bombardment. The o r d e r  of c r i t i c a l  f l u x e s  are t h e  same as under 
t h e  4.7 and 1.8 Mev proton bombardment. A pronounced a n e a l i n g  o r  
r ecove ry  e f f e c t  i s  seen f o r  the s i l i c o n  c e l l s ,  f o r  f l u x e s  g r e a t e r  
t h a n  5 ~ 1 0 ~ ~ p + / c r n ~ .  This w i l l  
be  d i scussed  f u r t h e r  when t h e  quantum y i e l d  curves are considered. 
Th i s  i s  not  seen f o r  the  G s A s  c e l l .  
Depreciat ion of t h e  open c i r c u i t  v o l t a g e  1, 10 and 38 ohm-cm 
S i  N/P cel ls ,  and G a A s  cells  under 0.6 Mev proton bombardment i s  
d e p r e c i a t e s  less t h a n  t h e  o t h e r  c e l l s .  
shown i n  F igu re  8. For f l u x e s  above 10L2p+/cm 2, t h e  1 ohm-cm cel l  
F i g u r e s  9, 10, 11 and 12 compare t h e  s h o r t  c i r c u i t  c u r r e n t  ratios 
f o r  t h e  s i l i c o n  N/P I, 10 and 38 ohm-cm c e l l s  and G a A s  cells ,  f o r  
t h e  p ro tons  and i n  t h i s  experiment. 
t h e  v a r i a t i o n s  of t h e  s h o r t  c i r c u i t  c u r r e n t  of each type c e l l  w i t h  , 
pro ton  bombardment energy on a s i n g l e  graph. 
The d a t a  w a s  r e p l o t t e d  t o  show . 
F i g u r e  13 shows t h e  v a r i a t i o n  of t h e  quantum y i e l d  of a s i l i c o n  
N/P 1 ohm-cm cel l  under 0.6 Mev proton bombardment. A s  i s  expected 
t h e  r e sponse  i n  t h e  red drops o f f  r ap id ly .  
curve i s  t y p i c a l  of high e f f i c i e n c y  b l u e  s h i f t e d  c e l l s .  
The broad peak of t h e  
F i g u r e  14 shows t h e  v a r i a t i o n  of t h e  quantum y i e l d  of a s i l i c o n  
N/P 10 ohm-cm c e l l ,  under 0.6 ?lev proton bornbardne:-,t. 
t o  t h e  j u n c t i o n  c h a r a c t e r i s t i c s  and s k i n  response are seen f o r  t h e  
1013p+/cm2 curve. ( A t t r i b u t i n g  the b l u e  response e s s e n t i a l  t o  
t h e  s k i n ,  n. layer . )  The appearance of t h e  peaks i n  t h e  cu rve  
f o r  . 7 7 ~  and 1 . 0 ~  and 1.0~ wave length l i g h t  i s  unexplained. 
d e c r e a s e  of t h e  d i f f u s i o n  l eng th  of t h e  m i n o r i t y  c a r r i e r  i n  t h e  
s k i n  would not  account f o r  t h e  i n c r e a s e  i n  t h e  RED res onse. Also 
unexplained i s  t h e  sha rp  drop i n  blue r e sponse  from I O p 2  t o  10L3p+/cm2. 
~Narked changes 
The 
F i g a r e  15 shows t h e  v a r i a t i o n  i n  quantum y i e l d  of a s i l i c o n  N/P 
38 ohm-cm cel l ,  under 0.6 MeV proton bombardment. 
marked changes seen between t h e  1OI2 and lOI3 p+/cm2 bombardments. 
The peak i n  t h e  1013 p+/cm2 curve is. a t  .fp, t h e  same appa ren t  p l a c e  
as i t  i s  f o r  t h e  unbombarded c e l l .  
Here a l s o ,  are 
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Figure  16 shows t h e  v a r i a t i o n  i n  quantum y i e l d  of a GaAs P/N 
c e l l ,  under 0.6 Mev proton bombardment. No recovery e f f e c t s  were 
seen  i n  t h e  s h o r t  c i r c u i t  c u r r e n t  r a t i o s  f o r  t h i s  t ype  ce l l ;  none 
i s  seen  h e r e  i n  t h e  quantum y i e l d  curve. 
CONCLUSION 
Unusual recovery e f f e c t s  were shown t o  happen f o r  t h e  s i l i c o n  
N/P 10 and 38 ohm-cm cells under 0.6 Mev bombardment, f o r  f l u x e s  
g r e a t e r  t han  51clO~~p+/cm2. 
p+/cm2. 
due t o  dec rease  i n  d i f f u s i o n  length was f e l t  u s e l e s s  f o r  t h e  1.8 
MeV and 0.6 MeV bombardments because of t h e  s h o r t  proton p e n e t r a t i o n  
depths .  (Standard methods e.g. Baicker and Faughnan (11, r e q u i r e  1 
t h a t  t h e  p a r t i c l e  p e n e t r a t e  t h e  c e l l  a t  least t o  a couple  of 
d i f f u s i o n  lengths . )  
average 3 7 ~ ,  i n  t h e  case of 1.8 Mev p ro tons  i n  s i l i c o n ,  o r  7.4p 
f o r  0.6 MeV protons i n  S i ,  means t h a t  t h e  " d i f f u s i o n  length" i n  
t h e  base  r eg ion  of a cel l  is  no t  a w e l l  de f ined  o b j e c t .  Knock-on 
recoi l  atoms c e r t a i n l y  w i l l  c o n t r i b u t e  t o  r a d i a t i o n  damage, as long 
as t h e i r  energy is g r e a t  enough t o  d i s l o c a t e  a S i  o r  G a A s  "atom", 
b u t  t h e i r  e f f e c t  i s b n o t  uniform t o  a depth several t i m e s  the 
bombarding protons p e n e t r a t i o n  depth.. 
A f l a t t e n i n g  ou t  of t h e  damage rate 
is  seen  f o r  Si/ohm-cm cells,  f o r  .6 MeV f l u x e s  g r e a t e r  t han  5x10 12 
* 
An at tempt  t o  ana lyze  the r a d i a t i o n  damage as being p u r e l y  
That t h e  p a r t i c l e  p e n e t r a t e s  on ly ,  on t h e  
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